Innate immune signalling has an essential role in inflammation, and the dysregulation of signalling components of this pathway is increasingly being recognised as an important mediator in cancer initiation and progression. In some malignancies, dysregulation of inflammatory toll-like receptor (TLR) and interleukin-1 receptor (IL1R) signalling is typified by increased NF-kB activity, and it occurs through somatic mutations, chromosomal deletions, and/or transcriptional deregulation. Interleukin-1 receptor-associated kinase (IRAK) family members are mediators of TLR/IL1R superfamily signalling, and mounting evidence implicates these kinases as viable cancer targets. Although there have been previous efforts aimed at the development of IRAK kinase inhibitors, this is currently an area of renewed interest for cancer drug development.
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IRAK FAMILY KINASES
The interleukin-1 receptor-associated kinases (IRAKs) are key mediators of toll-like receptor (TLR) and interleukin-1 receptor (IL1R) signalling processes. TLR/IL1R-mediated signalling controls diverse cellular processes including inflammation, apoptosis, and cellular differentiation. TLR/IL1R signalling is achieved through differential recruitment of adaptor molecules such as MyD88, Mal/ TIRAP, TRIF, and TRAM. These adaptors function in the subsequent recruitment and activation of IRAK family kinases. Four IRAK genes exist in the human genome (IRAK1, IRAK2, IRAK3, and IRAK4), and studies, particularly with transgenic mice, have revealed distinct, non-redundant biological roles. All IRAK proteins share a similar domain structure, including an N-terminal death domain important for dimerisation and MyD88 interaction, a proline/serine/threonine-rich (ProST) domain, and a kinase and/ or pseudokinase domain. However, only IRAK1, IRAK2, and IRAK3 contain a C-terminal domain, which is required for TRAF6 activation (Figure 1 ). Further biochemical characterisation has revealed differential posttranslational modification, cellular localisation, and regulation of IRAK family members. Although IRAKs are categorised as serine/threonine protein kinases, only IRAK1 and IRAK4 exhibit kinase activity. Human epidemiological studies, as well as transgenic mouse models, have linked genetic variations in IRAK genes to a collection of diverse diseases including cancer.
IRAK1. IRAK1, the first member of the IRAK family to be discovered, was identified through biochemical isolation of an IL1-dependent kinase activity which co-immunoprecipitated with the IL1R. Upon IL1R/TLR ligand binding, MyD88 is rapidly recruited to the receptor through its toll/interleukin-1 receptor (TIR) domain. IRAK1 interacts with MyD88 via its death-domain and undergoes subsequent activation. The activation and phosphorylation of IRAK1 is a multistep process, but initially requires a critical threonine at position 209 (T209), as mutation of this residue completely disrupts IRAK1 kinase activity (Kollewe et al, 2004) . IRAK1 is subsequently phosphorylated at residues within its activation loop and ProST region. MyD88 only binds non-phosphorylated IRAK1, and upon phosphorylation IRAK1 is released from the receptor complex to bind the E3 ubiquitin ligase, TRAF6, to activate NF-kB.
IRAK1 is the substrate of additional covalent modifications, including ubiquitination and sumoylation, which impact function and localisation. After becoming phosphorylated, IRAK1 can undergo K48-linked ubiquitination and subsequent rapid degradation via the 26S proteasome (Yamin and Miller, 1997) . Additionally, IRAK1 can be modified through the addition of K63-linked polyubiquitin chains. This is thought to be an activating mark, as mutation of K63-linked ubiquitin sites on IRAK1 prevents NEMO binding and NF-kB activation (Conze et al, 2008) . The proportion of higher molecular weight modified forms of IRAK1 increases upon LPS stimulation and is thought to result from ubiquitination, in addition to hyperphosphorylation of the ProST domain (Figure 1 ). IRAK1 localises to both the cytoplasm and nucleus; however, the modified, higher-molecular weight form is predominantly found in the nuclear fraction, and sumoylation of IRAK1 is necessary for nuclear entry (Su et al, 2007) . Thus, posttranslational modifications of IRAK1 are necessary for regulating diverse functions, including nuclear trafficking, degradation, and kinase activation.
IRAK1-deficent mice have been used to interrogate the role of IRAK1 in IL1/TLR-mediated activation of NF-kB and MAPK signalling pathways. IRAK1 À / À macrophages display decreased LPS-induced IKKb activation and NF-kB DNA binding. Additionally, primary mouse embryonic fibroblasts isolated from IRAK1 À / À mice displayed reduced IL1-induced p38 and JNK activation. These studies have revealed a critical role for IRAK1 in nuclear STAT3 activation and subsequent IL-10 gene expression. This is of clinical relevance because elevation of IL-10 levels is a common phenomenon among atherosclerosis patients, and interestingly, this coincides with IRAK1 nuclear localisation (Huang et al, 2004) .
Depending on the cellular context, a kinase-dead IRAK1 mutant can rescue the loss of NF-kB activation observed in IRAK1-deficient cells. Both wild-type and kinase-dead IRAK1 are capable of activating NF-kB transcriptional activity (Maschera et al, 1999) . Recently, a catalytically inactive IRAK1 D359A mutant mouse was reported (Pauls et al, 2013) . Bone-marrow-derived monocytes from this mouse did not exhibit impairment in the activation of the canonical IKK complex, MAPK activation, or the production of IL6, IL10, and TNF-a mRNA. However, plasmacytoid dendritic cells from IRAK1 D359A mice exhibit delayed TLR7-and TLR9-induced IFN-a and IFN-b mRNA production. Thus, the catalytic requirement of IRAK1 appears to be context and cell-type specific.
IRAK2. IRAK2 plays a critical role in proximal TLR signalling and in the activation of NF-kB. IRAK2 is a necessary component of a multimeric helical MyD88-IRAK4-IRAK2 signalling complex that is formed through death-domain interactions downstream of TLR/IL1R activation ( Figure 2) (Lin et al, 2010) . Unlike the other IRAK-family members, IRAK2 is capable of interacting with the TLR3 signalling adaptor Mal/TIRAP, and is recruited to TLR3 through death-domain interactions. Along with IRAK1, IRAK2 is also important in the formation of polyubiquitin chains associated with TRAF6 signalling. Interestingly, IRAK2-deficient mice are more resistant to LPS and CpG-induced septic shock than IRAK1-deficient animals. Although IRAK1 and IRAK2 function redundantly in initial TLR signalling responses, IRAK2 plays a critical role in late-phase TLR signalling, namely in cytokine production (Kawagoe et al, 2008) . Mouse knock-in studies have established that the IRAK2-TRAF6 interaction is rate-limiting for the late phase cytokine production in bone-marrow-derived monocytes and plasmacytoid dendritic cells, and that this interaction is critical to sustaining NF-kB signalling during prolonged activation of MyD88 signalling (Pauls et al, 2013) .
IRAK3 (IRAK-M).
Human IRAK3 gene expression is restricted to monocytes and macrophages. Although initial studies reported that IRAK3 could activate NF-kB, more recent literature has demonstrated the powerful negative regulatory role IRAK3 plays within the context of TLR signalling (Figure 2 ). IRAK3 À / À macrophages exhibit elevated levels of inflammatory cytokines upon TLR ligand challenge, and IRAK3 À / À mice show a hyper-inflammatory response to bacterial infection (Kobayashi et al, 2002) . Additionally, endotoxin tolerance is significantly reduced in IRAK3 À / À cells; thus, IRAK3 regulates TLR signalling and innate immune homeostasis. At the molecular level, IRAK3 exerts negative regulatory effects through preventing (i) the dissociation of IRAK1 and IRAK4 from MyD88, and (ii) the formation of the IRAK1-TRAF6 signalling complex (Kobayashi et al, 2002) . Recently, IRAK3 was identified as a regulator of haematopoiesis in a functional zebrafish screen, and thus could potentially play a role in HSC self-renewal and differentiation (Eckfeldt et al, 2005) .
IRAK4. IRAK4 is the closest homologue to the Drosophila Pelle protein.
As the only IRAK member in the fly, Pelle is a signalling mediator of the Toll-Dorsal pathway during embryonic development. Following the engagement of TLR agonists or IL1, IRAK4 is recruited to the protein adaptor MyD88 through death-domain interactions (Suzuki et al, 2002) . IRAK4, IRAK2, and MyD88 can form a large oligomeric left-handed helical signalling complex, termed the Myddosome (Figure 2 ) (Lin et al, 2010) . The assembly of this higher-order complex leads to the IRAK4-mediated recruitment and phosphorylation of IRAK1. Interestingly, overexpression of IRAK4 mutants containing truncations within the N-terminal kinase domain can suppress IL1-inducible recruitment of wild-type IRAK4 to the IL1R complex, and prevent association with IRAK1, whereas enabling sequestration of MyD88 (Medvedev et al, 2005) . In contrast to IRAK1-deficient mice, IRAK4 À / À animals display a severe impairment in inflammatory cytokine expression and NF-kB activation upon challenge with TLR ligands or IL1, and are completely resistant to LPS-mediated septic shock (Suzuki et al, 2002) . Additionally, IL1-induced JNK and p38 activation is completely defective in cells lacking IRAK4. Studies examining kinase-dead IRAK4 knock-in mice demonstrated the requirement of kinase activity for certain IRAK4-dependent activities. Similar to IRAK4-deficient animals, IRAK4 kinase-dead mice are resistant to TLR-induced septic shock (Koziczak-Holbro et al, 2008) . Perhaps surprisingly, macrophages from IRAK4 kinase-dead mice were capable of activating NF-kB through IL1, TLR2, TLR4, and TLR7, suggesting kinase-dispensable activities of IRAK4. Interestingly, although IL1/TLR-induced NF-kB activation was not greatly impaired in IRAK4 kinase-dead knock-in mice, there was severe impairment of IL1/TLR-induced cytokine production and JNK activation (Koziczak-Holbro et al, 2008) . Further studies examining IRAK4-deficient human cells reconstituted with kinase-dead IRAK4 have revealed redundancies in IRAK4 kinase activity. In human fibroblasts, kinase-dead IRAK4 was capable of restoring IL1-induced NF-kB, JNK activation, and IL8 gene expression to a similar degree as IRAK4 (Qin et al, 2004) . Thus, there may be context-specific redundancies between IRAK kinase activities.
Human IRAK4 deficiency has been described as an autosomal recessive disorder (Day et al, 2004) . As a result of IRAK4 deficiency, patients suffer from recurrent infections caused by Grampositive pyogenic bacteria such as Streptococcus pneumoniae.
Blood cells from these patients fail to generate pro-inflammatory cytokines upon stimulation with IL1b, IL18, and TLR agonists. Thus, the immunological phenotype of IRAK4 À / À mice is consistent with that of IRAK4-deficient patients.
DYSREGULATED IRAK SIGNALLING IN CANCER
The link between inflammation and cancer dates back to 1863, when Rudolf Virchow first observed leukocyte-infiltrates in tumour tissues. It is now widely accepted that inflammation contributes to cancer pathogenesis. Moreover, it is evident that an inflammatory microenvironment is an important characteristic of human tumours. Not surprisingly, many environmental cancer risk factors are associated with chronic inflammation. For example, induction of inflammation by bacterial and viral infections increases cancer risk (Ferreri et al, 2009) . Similarly, tobacco smoke and obesity are tumour-promoting factors by triggering chronic inflammatory signalling (Park et al, 2010; Takahashi et al, 2010) . IL1b, a pro-inflammatory cytokine and an activator of IRAK signalling, plays a direct role in tumour cell growth, angiogenesis, invasion, drug resistance, and metastasis (Vidal-Vanaclocha et al, 2000; Carmi et al, 2013) . Similarly, depending on the tumour cell context, TLRs participate in a myriad of protumour responses (Table 1) . Thus, as necessary mediators of IL1R and TLRinflammatory signalling, the IRAK-family kinases represent rational cancer drug targets.
Lymphoid Malignancies. Cancer-specific dependencies on IRAK signalling became evident following the discovery of oncogenically active MyD88 mutations in activated B-cell-like diffuse large B-cell lymphoma (Table 1 ) (ABC DLBCL) (Ngo et al, 2011) . Notably, in a large set of tumour biopsies, sequence analysis of the MyD88 coding region revealed that 29% of ABC DLBCL tumours harboured the L265P single amino acid substitution within the MyD88 TIR domain. This mutation is absent in other DLBCL subtypes, including germinal centre B-cell-like DLBCL and Burkitt's lymphoma. The L265P MyD88 mutant promotes cell survival through spontaneous assembly of a protein-signalling complex containing IRAK1 and IRAK4, leading to IRAK4 kinase activation, IRAK1 phosphorylation, and activated JAK-STAT and NF-kB signalling. Strikingly, in ABC DLBCL cell lines harbouring L265P MyD88 mutations, RNAi-mediated knockdown of MyD88, IRAK4, or IRAK1 eliminated NF-kB activation and induced rapid apoptosis. Thus, in this context, sustained MyD88-IRAK signalling is necessary for ABC DLBCL pathogenesis and tumour cell survival. In shRNA rescue experiments, IRAK4 kinase activity was necessary to prevent RNAi-induced apoptosis; conversely, kinasedead IRAK1 was capable of rescuing RNAi-induced apoptosis. Thus, in ABC DLBCL, IRAK1, and IRAK4 have divergent kinase activities, and interestingly, IRAK1 appears to possess non-catalytic pro-survival activity. Ultimately, this study supports the development of IRAK4-selective kinase inhibitors for the treatment of tumours harbouring oncogenic MyD88 mutations. In a related lymphocytic haematological malignancy, Waldenström's Macroglobulinaemia (WM), suppression of IRAK signalling appears to be a promising therapeutic approach (Table 1 ). The common somatic L265P mutation of MyD88 is even more prevalent in WM, occurring in 91% of patients. Treon and colleagues (Treon et al, 2012) first reported IRAK1/4 kinase inhibitor-mediated apoptosis of primary MyD88 L265P-expressing cells derived from WM patient marrow . This study was the first to uncover Bruton's tyrosine kinase (BTK) as an important binding partner of MyD88 L265P, and showed that the L265P mutant activates BTK in WM. Because BTK and IRAK signalling converge on NF-kB, the authors hypothesised that combined BTK and IRAK inhibition would provide a synergistic apoptotic effect. Indeed, potent synergistic WM cell killing was observed when combining the prototype BTK inhibitor, ibrutinib, with a small-molecule inhibitor of IRAK1/4. However, unlike in ABC DLBCL, the relative contribution from either IRAK1 or IRAK4 to WM cell survival is still unclear and remains an important question for future studies. Thus far, data collected from ongoing phase II trials with ibrutinib point towards very promising activity in WM (Akinleye et al, 2013) . Combining ibrutinib with an IRAK kinase inhibitor would therefore be a rational approach and may provide a synergistic efficacy profile for WM patients.
Myeloid malignancies. Activation and overexpression of IRAK1 in myelodysplastic syndrome (MDS) and acute myeloid leukaemia (AML) has been recently reported (Table 1) (Rhyasen et al, 2013) . IRAK1 is a validated target of miR-146a, a microRNA that contributes to the pathogenesis of MDS patients harbouring a common cytogenetic abnormality, del(5q) (Starczynowski et al, 2010) . However, IRAK1 activation appears to be a more general feature of MDS and AML and is readily observed in non-del(5q) patients, suggesting alternate mechanisms of IRAK1 dysregulation. One possibility explaining IRAK1 activation in non-del(5q) MDS patients is through the reported overexpression of TLR1/2/6 (Wei et al, 2013) . Marrow cells from MDS patients harbouring mutations within TLR2 exhibit markedly increased pIRAK1 levels (Wei et al, 2013) . Our research examined a small-molecule inhibitor of IRAK1/4 (IRAK-Inh) in MDS. The pharmacological effects of IRAK-Inh included a dose-dependent effect on cell growth, apoptosis, and progenitor cell function. Additional validation was carried out through RNAi-mediated knockdown of IRAK1 in MDS/AML cells, similarly resulting in apoptosis, and impaired MDS/AML-progenitor cell function. Interestingly smallmolecule inhibition of IRAK1/4 was ineffective against primary AML cells, as well as the promyelocytic leukaemia HL60 cell line. A potential explanation was offered through integrated geneexpression analysis, which uncovered compensatory upregulation of BCL2 mRNA in IRAK-Inh-treated AML cells. A combined BCL2/IRAK inhibitory strategy was utilised to examine AML cell dependency on BCL2 activity within the context of inhibited IRAK1. The combination of the BH3 mimetic, ABT263, and IRAK-Inh elicited powerful collaborative cytotoxicity against all MDS and IRAK-Inh-refractory AML cells tested, both in primary cell culture and tumour xenograft models. Furthermore, in vitro studies of this drug combination against normal CD34 þ cells exhibited a differential response when compared against their malignant counterparts, thus suggesting a reasonable therapeutic window. It remains to be seen whether this drug combination will prove effective in other tumour types, but these findings implicate IRAK1 as a druggable target in MDS and AML.
A proximal IRAK signalling adaptor, IL1R-accessory protein (IL1RAP), is overexpressed on the surface of HSCs of AML and high-risk MDS patients and serves as an independent prognostic indicator in normal karyotype-AML (Barreyro et al, 2012) . RNAimediated knockdown of IL1RAP decreases clonogenicity and increases AML cell death. More recently, selective killing of AML HSCs, and chronic myeloid leukaemia cells, has been achieved through antibody-based targeting of IL1RAP (Askmyr et al, 2013) . Collectively, these studies implicate IL1RAP as a promising molecular target for MDS/AML and chronic myeloid leukaemia.
Tumour-infiltrating immune cells, particularly monocytes, exhibit characteristic immune tolerance after first exposure to cancer cells. This cancer-induced immune tolerance stems from the downregulation of pro-inflammatory genes. Interestingly, during this phenomenon, monocytes isolated from chronic myeloid leukaemia patients exhibit upregulated IRAK3 expression (del Fresno et al, 2005) . Thus, IRAK3 becomes expressed in immune cells during cancer tolerance, acting to rapidly deactivate anti-tumour inflammatory responses through suppressing the activation of IRAK1/2/4 and thus dampening NF-kB activity. Increased monocytic IRAK3 expression is mediated by tumour-secreted hyaluronan through engagement of monocyte/macrophage-expressed CD44 and TLR4. Because IRAK3 expression is limited to monocytes and macrophages, small-molecule activators of IRAK3 may prove useful in activating host anti-tumour responses. Indeed, IRAK3-deficient mice are resistant to tumour cell growth and provide experimental proofof-concept for this approach (Xie et al, 2007) .
Solid tumours. Although there are fewer reports on IRAK-family kinases in the context of solid tumours, there is nascent evidence implicating IRAK1/4 signalling in melanoma (Srivastava et al, 2012) . IRAK1 and IRAK4 are overexpressed and activated in melanoma cell lines, and as measured through immunohistochemistry, pIRAK4 is highly expressed in primary melanoma biopsies (Table 1) . A small-molecule IRAK1/4 inhibitor was effective in sensitising melanoma cell lines to chemotherapy, and combined vinblastine plus IRAK1/4 inhibition has shown significant survival benefit, as compared with monotherapy, in a melanoma xenograft model. Thus, understanding the mechanism by which IRAK inhibition sensitises melanoma cells to chemotherapies may lead to the discovery of more effective targeted melanoma therapies.
PRE-CLINICAL DISCOVERY AND DEVELOPMENT OF IRAK KINASE INHIBITORS
Powers and colleagues first reported the discovery and structure-activity relationships of small-molecule inhibitors of IRAK-family kinases (Supplementary Table 1 ). Highthroughput screening efforts resulted in the identification of a novel series of N-acyl-2-aminobenzimidazoles that achieve sub-micromolar IRAK4 and IRAK1 half-maximal inhibitory concentrations (IC 50 ). The same group reported crystal structures of IRAK4 kinase in complex with a similar N-acyl-2-aminobenzimidazole . The structures revealed a unique tyrosine gatekeeper residue, which creates an unusual ATP-binding site. Interestingly, when compared against the entire kinome, the tyrosine gatekeeper residue is exclusive to IRAK family of kinases. Because the gatekeeper residue is critical for kinase/small-molecule selectivity, the design of highly selective IRAK kinase inhibitors could be tractable through this unique molecular feature. Unlike IRAK4, the crystal structure of IRAK1 remains to be solved. The IRAK1 crystal structure will likely prove useful in the synthesis of improved IRAK1-and IRAK4-selective kinase inhibitors.
A series of additional efforts uncovered increasingly potent compound classes, including imidazo[1,2-a]pyridino-pyridines and benzimidazole-pyridines as low nanomolar IC 50 IRAK4 and IRAK1 inhibitors (Supplementary Table 1 ) (Buckley et al, 2008a,b,c) . However, there remains a paucity of published literature surrounding the effects of these compounds against disease models, including cancer.
More recent selective IRAK4 inhibitors have utilised high-energy hydration sites to design three selective nanomolar IRAK4 ligands (Supplementary Table 1) (Robinson et al, 2010) . The K i of ND-346, ND-2110, and ND2158 for IRAK4 are 50, 7.5, and 1 nM, respectively (Chaudhary et al, 2012) . Each candidate small molecule has demonstrated favourable pharmacokinetic/pharmacodynamic characteristics and efficacy in several murine autoimmune disease models (Chaudhary et al, 2012) . The gain-of-function L265P mutation in MyD88 found in 29% of patients with ABC DLBCL served as rationale to pursue the combination of selective IRAK4 inhibitor (ND-2158) with leading BTK, SYK, and PI3Kd inhibitors. Indeed, ND-2158 synergistically combines with either BTK, SYK, or PI3Kd inhibitors to inhibit proliferation of the OCI-LY10 ABC DLBL cell line (Chaudhary et al, 2013) . Ultimately, these approaches will likely bring a selective IRAK4 inhibitor into clinical development for lymphoma, wherein the clinical development strategy will revolve around combination trials with active FDA-approved agents.
With the recent approval of the covalent BTK inhibitor, ibrutinib, there has been a renewed interest in the development of irreversible kinase inhibitors. These small-molecule inhibitors form a covalent bond with a nucleophilic cysteine residue within the kinase ATPbinding pocket, thus irreversibly inactivating the target kinase. An effort undertaken by Gray and colleagues (Zhang et al, 2012) , aimed at developing irreversible covalent inhibitors of JNK1/2/3, serendipitously led to the discovery of a covalent kinase inhibitor of IRAK1. KINOMEscan profiling revealed that the JNK-IN-7 phenylaminopyrimidine tool compound not only interacts with JNK1/2/3, but also IRAK1, exhibiting an enzymatic IC 50 of B10 nM. Sequence alignment and subsequent examination of the IRAK4 crystal structure revealed cysteine-276 as the candidate reactive residue in IRAK1. Biochemical profiling demonstrated that JNK-7-IN was also capable of inhibiting Pellino 1 E3 ligase activity, suggesting that IRAK1 is a bona fide intracellular target. Thus, JNK-IN-7 may serve as a useful pharmacological probe to examine IRAK1-dependent cellular functions, and as a lead compound for the further development of increasingly potent covalent IRAK1 kinase inhibitors.
Outside the realm of rationally designed small-molecule inhibitors, there is perhaps only a single report of a natural product with activity against IRAK family kinases. Ginsenoside Rb1 and its metabolite, compound K, both derived from the root of Panax ginseng, a widely used herbal medicine, selectively inhibit IRAK1, but not IRAK2 or IRAK4 activation (Joh et al, 2011) . Compound K has been extensively studied and has exhibited anti-inflammatory, anti-tumour, and anti-diabetic effects; however, prior to this study, the molecular mechanisms of this metabolite remained undefined. Orally administered ginsenoside Rb1 and compound K were capable of improving disease symptoms through IRAK1 inhibition, which resulted in reducing the expression of TNF-a, IL1b, IL6, and NO in a TNBS-induced colitis murine model. Both metabolites inhibited LPS-induced IRAK1 phosphorylation, IKKb phosphorylation, NFkB activation, and ERK and p38 activation. Biochemical profiling is necessary to determine whether either metabolite can directly inhibit the kinase activity of IRAK1. However, if direct enzymatic inhibition is confirmed, these natural metabolites may eventually provide a novel scaffold for the rational design of small-molecule IRAK1 kinase inhibitors.
